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Problem — efficient heat transfer

temperature:
T < 40 °C
Conduction: T L
” heat fIUX: |_ = kA_T — 24 cm J rs‘ource
Ll L temperature: Convection: :-j
; * == r Tsource <100 °C Q - ? T =0.4 mL/ZS X
PCA cm S

Phase change:

ATmin =60 °C Q:i=0.04 mL/s m

oA cm?

boiling



Heat pipes — closed loop phase change

ooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

ooooooo
.................................................................................

..........................................................
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1343 |
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qcond &

adiabatic section condensor

|

Advantages

- autonomous (no pump)

x80 200um 0000 11 20 SEI

- self-contained www.microloops.com
near-i i 2
near-isothermal operation r>1pm AP < <y <1bar
Limitations r
- capillary limit Goal: Efficient heat transfer
= short (~1 m), low load (< 1 g) - over long distances (10 m)
- entrainment limit - with adverse gravitational and

= limited heat flow iInertial loads (up to 10 g)



Opportunity — large stresses from small pores

gtotal
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Opportunity — large stresses from small pores

gtotal =10 g
l‘ S i
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w
[
= lf liquid
8 path
II =~ g: =1 =
(¢)]
2
= S
)
v 2 ‘
() |
C /
@) N -
R /

sub-saturated compensation
vapor chamber

Effective Thermal Resistance:

Riotal = Rliq + + Ryair

R o [KW ]

360 3i0 3é0 350 340 3§0 3é0
condenser temp.,T, [K]
* Impact of viscous and inertial

stresses negligible.

— Rtotal ~ RwaII

—> total resistance ~ 3 mm of copper

(Chen et al., submitted, 2012)



Challenge — large stresses from small pores

gtotal — 10 g
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sub-saturated compensation
vapor chamber

Effective Thermal Resistance:

Riotal = :Rliq + + Ryair

R o [KW ]

300 310 320 330 340 350 360
condenser temp.,T, [K]

P,i, ~ -20 bars for g = 10 W/cm?
additional -1 bar per W/cm?

— must manage metastability

(Chen et al., submitted, 2012)



Challenge — but plants do it every day...

arid climate plants

ATM
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E —BD O MNIGHT -
o Mangroves .
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(Scholander et al., Science (1965))




_Synthetic trees - negative pressure wicks

“soil”: (liquid) “atm”: (vapor)

a,. =1 a,=0.75
P=P, P=P,

T=25° T =25°

20) 30 0 {
root leaf

£ Rtrunk £

Q Q

£ £

o (a4
soil atm

Y., =0bar Y .., =-380 bar

pure liquid

water air at known RH

/ root leaf

(Wheeler & Stroock, Nature, 2008)



_Synthetic trees - negative pressure wicks

“soil”: (liquid) “atm”: (vapor) cavitation
a, =1 a,=0.75
P = PO P = PO ~
i T 550 -1 P, =-190 bars

Flux

root leaf —=
£ Rtrunk g ) ?"
. o Time (hr)
e catastrophic failure
soil atm

* mechanical collapse
* low flux (large membrane
resistance)

Y, =0bar Y .., =-380 bar

soil —



Managing tension
A L - needles/leaves

>, <N

100 m

h =

\ 4



“Managing tension — autonomic functions

1. local flow control:

border pit

* |ocal control of
membrane resistance

/2. recovery after cavitation:
. cavitation refilling

VCn utri; V:uwater

“xylem is dead wood” (isolated failure)



1. Flow control — experiments

lauris nobilis (bay tree)

H,0
5

r
artificial sap

(Zwieniecki et al., Science, 2001)

various species

(Cochard et al., J. Exp. Bot., 2009)

flow rate (mg s?)

0.8

KCl  H,0

1500 3000 4500
time (s)

resistance | with
ionic strength T

resistance 4 with

pHi

80r

2000 4000
time (s)

H,0~KCl

6000

sign and
magnitude
depend on
species

8000



1. Flow control — mechanisms

-
- -
- -
- -
- -
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Hydrogel:
low ionic strength/neutral pH high ionic strength/low pH
(swollen) (collapsed)

( pectin )
) pore water :) pore salt |
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1. Flow control — mechanisms

-

> " p 52 5 e N (Lee, Holbrook & Zwieniecki, Front. Plant

Hydrogel: 4 ’ S Sci., 2012)

high ionic strength/low pH
(collapsed)

high ionic strength

— 60

AFM

40

— =20



1. Flow control — mechanisms
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Electroviscous effect:

Xylem
Vessel
{ci}.I,pH




1. Flow control — mechanisms

Electroviscous effect:

o
(1a]
on

relative flow rate (Q/Q,)

-
- -
- o
-~ -
e L7 80 B
- Lo
N
N
S L
N
N
N
N L
N o
N So
\ Sy
S

0.75+ a=5snm o
o
0.7- o ! a=30nm B
0.65 1 T
107 107 107 10

ionic strength (M)

H,0>KCl

ns
T

%0«

o

CQ/

o
&\F

S
Q.\.{\\)‘

o

&0

N »oa
Go® Q@“ N

(Cochard et al., J. Exp. Bot., 2009)

I. positive
ii. neutral

lii. negative

(Santiago et al., in preparation, 2012)



1. Flow control — mechanisms

Electroviscous effect:

=
W
n

relative flow rate (Q/Q,)

® ij
0.8= =
5= T
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relative flow rate (Q/Q,)

(Santiago et al., in preparation, 2012)



1. Flow control — precedent

low pH neutral pH high pH

o - - -

(Beebe et al., Nature, 2000)

Electroviscous effect:

Top View 250 -

m ]

& =100

G 50

w
Cross-section A-A' Cross-section B-8' 01 NHz 3B

In-/outlet cm In-/outlet 50

(Source) Gate oo Gate (Drain) 100
[—‘ i ‘ l A m _-_ Sicon S0 40 20 O 22> 40 B0
Glass
Vg (V)

“FlowFET” (Schasfoort et al., Science, 1999)



2. Refilling — experiments

Populus nigra (black poplar)

o
'
(-
c -y
o = 80 -
| B
2| 3
8| &
= o
3| 5 ¢
(%)
7]
i )
o o |
e e @ Plants with increasing water stress
= 8 40 1 [ Plants recovering from moderate stress : ® S
& (-2<1<-1.0 MPa)
o /A Plants recovering from severe stress
(‘P<-2.0 MPa) :
20 ] T T : T
-3 -2 EC50 -1 0

pressure in xylem (MPa = 10 bar)

(Secchi and Zwieniecki, 2012)



‘2. Refilling — experiments

= -5 bars

vessels —

Acer rubrum (red maple); P

MRI
(30 minutes)

(Zwieniecki, Melcher, Ahrens & Holbrook, in revisions, 2012)



2. Refilling — experiments

24 min

refilling
(Zwieniecki, Melcher, Ahrens & Holbrook, in revisions, 2012)



‘2. Refilling — mechanism?

cavitation

—>

* trigger?
* transport?
* energy?

refilling

—




‘2. Refilling — mechanism?

Phloem Parenchyma cell Functional vessel Embolized/refilling Parenchyma cell Phloem
vessel

Sugar metabolic activity <e==p Liquid water flow

Sugar flow iBEEEE s> Water vapor flow

Membrane water channel [ m— Air transport path

@®---=:p  Signaling paths a-n  Major points of interest (see scenario for details

(Zwieniecki & Holbrook, Trends in Plant Sciences, 2009)



‘2. Refilling — molecular mechanisms

Differential gene expression after induced embolization

Populus trichocarpa (black cottonwood)

i i iii iv

H

JU LR L LLE

i

ES

3

e T

3 2 S

i N 3

k3
' iil—-*.f.-—————__-_._—__—]_-
S :
*

* ~9,000 genes differentially expressed after embolization

e Clues to biochemical and biophysical mechanisms
i,ii) pore proteins = active and passive transport mechanisms
iii) carbohydrate metabolism = source of deployable energy
iv) down regulation of genes for oxidative stress = possible trigger

(Secchi et al., Plant Physio, 2011)

70 40 00 40-20- 0OF
abuey) proj abesany (q)  sauab pavenbai jo % fe)



‘2. Refilling — biophysical mechanisms

Driving force for refilling?:

activity = a < exp <

T(Pyxy1 — Po)

RT

)

suction




‘2. Refilling — biophysical mechanisms

P. nigra (black poplar)

rrrrrrrrr
rrrrrrrrr
rrrrrrrrr

FFFFFFFFF

rrrrrrrrr

FFFFFFFFF

FFFFFFFFF

Francesca Secchi

Secret formula for water collection



‘2. Refilling — biophysical mechanisms

functional vessels cavitated vessels
’ -—
\
(I Tisopiestic) 0.40 - /B’ [\ @ ®
1wV Tsugars + ions) /@® I\
|:| O Tr’(ions) 0.35 / /l ! v y
® n(isopiestic) (rec.) I' / :
- 0.30/- /
030 7 A 1 ] ,,
/
!
= 025 - A R e @
% ' / I o
=, / ! v
= 020 - 1% 1 e ® .
'..E , l/ I v
£ 015 S SN v 2
o d e/ (] 3
5 0.10 A I B e o, v
5 V|3 : o o
| oo 1/ o -
O 0.05 = \ ,/d.‘,_l.t,?smnuu
o088, § ©° N -
0.00 = : : : : :
0.0 05 1.0 15 0.0 05 1.0 15

Balancing pressure [MPa]

* osmolarity balances stress in rehydrated plant
(Secchi & Zwieniecki, Plant Physio, 2012)



‘2. Refilling — biophysical mechanisms

pH

O sap from functional vessels following rehydration @)
@ sap from non functional vessels following rehydration
——— @ sap from functional vessels
7 4 —=—— @ sap from non functional vessels ®
N @/ &
- ﬁs--
° 2‘_ [ _®
5 =
/ O
/
¢
4 4 P pH drops during refilling
— = ——— @
3 I I 1 I
-2.5 -2.0 -1.5 -1.0 -0.5 0.0

W ater potential [MPa]
(Secchi & Zwieniecki, Plant Physio, 2012)



2. Refilling — emerging picture

vessel lumen wall membrane cell

respiration ¢Ed ROS*

Al ] l CarbohydrN
sucrose taboli
/ ﬂ \[sucrose]D e \

Transcriptome*

activity
Membrane /
[glucose]* transport
[fructose] activity
energy
[metal ions] [metal ions] * b ase d on new
Symplast 1
Water 4 o o Bl evidence
potentia: potential (V)
u Water
transport *

= Not “dead wood”!

(Secchi & Zwieniecki, Plant Physio, 2012)



_ynthetlc tree — challenges

N needles/leaves  Material multifunctionality:
> <N - high modulus
- high thermal conductivity
L - integrated nano-scale and
e scale porosity
xvlem vessels * Integrated analysis:
c - pressure, temperature, fluxes
o| T .
= Vil e n - Management of metastability:
[ '.1 - - isolating cavitation (boiling)
= e n events
g | - repairing cavitated zones

 Fundamental understanding:
- transport and
thermodynamics of liquids at
NP

4



Synthetic tree — version 2.0

* Wicks for negative pressure heat pipes

silicon

“leaf’ “root”

 Silicon MEMS platform « Composite structures
— mechanical + thermal — selective porosity
properties — large stresses/large fluxes
— Integration of sensors _s failure isolation

(pressure, temperature, flux)



Synthetic tree — version 2.0

composite membrane

silicon

silica silicon

solgel

. ; piezoresistive pressure sensors
segmented vessels

\,
N,
\,
2] N,
N
\
N,
N,
N\,
N,
N\,
N,
N\,
N,
N\,
\
N,
N
\
N,
N,
~ N\,
N,
\,
N,
\,
N,
N,
\
N,
N
N\,
N,
N\,
N,
N,
N,
N,
\,
N,
N
\
N,
N\,
A

nanoporous silicon

= (W, P, T)



_Synthetic tree — root/leaf membranes:

root/leaf membranes:

nano-porous
silicon

silicon

10pm WD = Smm Aperture Size = 30.00 um Signal A =InLens  Date 1 Oct 2008 CNF
Mag= 250K X EHT = 170 kv Pixel Size = 13g4nm  Signal B =InLens  Time 1142349

cavitated intact
100-&—0\‘
100%
90% .
80% &
70% - ]
®
% 60% % s
© 50% - o] ]
v 0% B 0 <
30 30% - X | \
20% L 2
20 - X
10,
1004 *
0% : : : : \
0 5 10 15 20 0'.,.,.,-.-.-*’-
0 5 10 15 20 25 30

pressure (-MPa)

—=> 100% stability to -100 bars

pressure (-MPa)



Synthetic tree — integration

1cm
>

1.6

pressure sensor

141

1.2

AV (mV)

0.40 —————
0.05 :
0.00
-0.05 |
-0.10 |
-0.15 |
-0.20 |
-0.25 |

T

I

0 10 20 30
pressure (bar)

bridge voltage (mV)

40 50 -0.30

035 f

T b T

at 98% RH

T ~ T Y

predicted pressure

T T

il

unprecedented range

long transients...

embedding?

15 20 25 30
time (h)

pressure (-bars)



_Synthetic trees — segmented xylem

segmented vessels

-
-
-
-
-
-
~
~
~
~
~
~ .

glass

1dcav =20 pm

nanoporous
silicon
(<dpore> ~10 nm)



Synthetic trees — segmented xylem

glass S— : . : - . '
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(aatm=0.73) o 3 Al s PRIt .'n‘:‘;l (aatm=0.73
d) 4y drd). R - €y, Hrdwmw 3
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e Spatially isolated cavitation events 1 mm



Synthetic trees — segmented xylem

time course

time to cavitation

AN/At

0 110 210 310 410 50
t (min)

time autocorrelation

25
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_Synthetic trees — segmented xylem

time autocorrelation ..
-— acoustic signal

’C 1 1 1 1 1 1 1
0.8 . 2x107

power

o

N w L f
S N (=] (o]
R P § 9

power

o) 5 10 15 20 25 30
T (sec)

160+

event energy [a.u.]

o
o

freq [Hz] 250k

e acoustic triggering? 0-

. _ 0 20 40 60 80 100 120 140
* hydraulic suppression? time [min]



Synthetic trees — segmented xylem

time autocorrelation ..
acoustic signal

e Tcorr _. 6x10°
0.8 - . 0.02-_ & 3x1o: l e
> I 0 200000
~ 0.01 frequency (Hz)
8) i
-9 0.00
'O -0.01}
>
-0.02+
0.0 0.5 1.0
At_(ms)
<€ >
. acousti}ﬁ*i ering? —
&8 & Tacoust =1ms<< Tcorr

* hydraulic suppression?

* Acoustic signals, but not triggering additional events.
* But, acoustic signatures = opportunity for autonomic response.



_Synthetic tree — segmented xylem

time autocorrelation

hydraulic suppression

o) 5 10 15 20 25 30
T (sec)

- acoustk)(riggering?

* hydraulic suppression?

0 5 10 15 20 25

Thyd =2-3MIN=T

* Drying proceeds in “avalanches” with suppression by re-saturation.



_Synthetic tree — segmented xylem

Physiology of “border pit membrane”?

Wetting L 1 1 II.IIII I L IIIIII
- ® experiment
E e d=4nm 1
5 2 ——d=354A
~ 10
=
o
o=
N
o) |
A,
B a6 b J
& E
= F ]
1 1 IIIlIII 1 1 IlIIlII
. . 10° 10° 10*
Washburn eqn. for capillary wetting:
time (s)
yd oret
x(t) = L * d,=0.35nm

\ ) * consistent with T,



Conclusions

biomolecular insights synthetic physiology

N r
T T T - — 8 X

T T T
0.0 0.5 10 15

[ ] L]
integrated understanding . .
tools for integration
embolism, N - .
7777‘/\/;(0-' ‘\T T 12">'mral‘o“ Gt ROS K MR ' ;X1°6l
i N/ Coast redwood ] £ T
“ﬁi’m‘:« mih Carbohydrate N\ ¥ e g' :
Y g A'“ﬁ”’ N AN — < 400 ﬁij J A
N ‘> S < (=) E %0 freq izl 250k
2 >\ i \ i / = q
\ N > 3201 ,
/| b i / / 2 3x10¢
T TS =/ S 20
4 -
/'/ gmo- f Al
{aesliooat 0 freq[Hz] 250k
80-
o

0 20 40 60 80 100 120 140
time [min]



~Acknowledgements

Grads: Post-docs: Collaborators
Erik Huber (MAE) Scott Verbridge Frederic Caupin (Lyon)
I-Tzu Chen (CBE) Michael Craven Michelle Holbrook (Harvard)
Michael Santiago (MAE) David Sessoms Maciej Zwieniecki (Harvard)
Eugene Choi (CBE) Rachel Liang Francesca Secchi (Harvard)
Vinay Pagay (Hort.) Alan Lakso (Cornell)
Anthony Diaz (CBE)

Pavithra Sundararajan (MAE)
Vikram Singh (CBE)

Funding:
John Morgan (CBE)

Alumni:
Tobias Wheeler (— Caliper Inc.)
Joseph Kirtland (— Dordt College)
Cecile Cottin-Bizonne (— U. of Lyon)
Mario Cabodi (— Boston U.)
Nakwon Choi (— MIT/Novartis)
Valerie Cross (— Gore Inc.)
Stephane Badaire (— Michelin)
Ying Zheng (— UW Med)
Amit Pharkya

c~ ‘ Comell Nanasaale

Science and Technology Facility




